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ABSTRACT 
 
Soil nailing is commonly used as a permanent reinforcement technique for slopes, excavations and retaining 
walls. The long-term stability problems of a soil nailing system depends on the mechanical behavior of soil nails, 
particularly the axial tension force distributions along the axial directions of soil nails (or related friction 
resistance at the nail-soil interface). The measurement of axial force distributions of soil nails in slopes is 
therefore critical for researchers and engineers to carry out comprehensive analysis of slope stability problems. 
This paper describes a field research program for the measurement of the axial force distributions of cement 
grouted soil nails in permanent slopes. This research program lasted 4 to 6 months monitoring the mechanical 
behavior of a total of 42 soil nails in 7 permanent slopes. Strain information of all these soil nails was measured 
using fiber Bragg grating (FBG) strain sensors. Temperature compensation was also conducted for all these soil 
nails. Typical installation methods of strain and temperature sensors and the related protective measures of 
optical fiber cables and optical fiber sensors are introduced. Measured strain results were presented and 
analyzed to investigate how axial forces of soil nails formed and developed after grouting, and their relevance 
associated with the field construction works. The possible ground movement inside slope and its effect on the 
axial strain results of soil nails are also interpreted and discussed in the paper. All the measurement data are 
useful for a better understanding of the short-term and long-term behavior of cement grouted soil nails in a real 
field. 
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INTRODUCTION 
 
Soil nailing is commonly used as a both permanent and temporary reinforcement technique for slopes, 
excavations and retaining walls. The long-term stability of a soil nailing system depends on the mechanical 
behaviour of soil nails inside geotechnical engineering structures. It is generally believed that the soil nail 
enhances the stability of soil mass principally by mobilizing the friction resistance at the nail-soil interface (or 
axial tension stress) (Jewell, 1991; Jewell, 1991; Plumelle et al., 1990). For a soil nailing system under service 
loading condition, the general consensus among researchers appears to be that, the soil nail is mainly subjected 
to effect of tension force. Even when failure condition occurs, the contribution of bending/shear effect is still 
limited compared with the axial tension force. Therefore, the measurement of the axial tension force 
distributions of soil nails in slopes is important to both researchers and engineers. The measurement of the 
mechanical behaviour of soil nails using different measurement technologies have been developed for many 
years and fiber Bragg grating (FBG) sensor is a popular one with a number of distinct advantages (Cheung and 
Lo, 2011; Hong et al., 2010). Other technologies such as, Low Coherence Interferometry (LCI), Brillouin 
Optical Time Domain Analysis (BOTDA) technique, and Brillouin Optical Time Domain Reflectometry 
(BOTDR) are also used as measurement methods for geotechnical engineering structures (Klar et al., 2006; 
Mohamad et al., 2011; Sun et al., 2010; Wu et al., 2008). 
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Laboratory test is a common method to evaluate the soil nail behaviour under different testing conditions by varying 
a number of factors, such as grouting pressures, overburden soil pressures, saturation conditions, etc (Su et al., 2007; 
Su et al., 2008; Yin and Zhou, 2009; Yin and Su, 2006). Since testing conditions of these soil nails in laboratory have 
been strictly controlled, a number of typical conclusions have been obtained, for example, correlations between 
pullout resistance (or axial force) of soil nails and several critical parameters, such as overburden soil pressure (soil 
depth), soil water content, grouting pressure, etc (Chu, L. M. and Yin, J. H., 2005; Chu, L.M. and Yin, J.H., 2005; Su 
et al., 2008; Yin and Zhou, 2009). For the complicated field tests, due to the complicated ground conditions and 
relevant testing uncertainties, the full-scale field test is seldom considered for a systematic study of the soil nail 
behaviour. Few typical studies show that the field pullout behaviour of cement grouted soil nails are complicated and 
uncertain (Zhang et al., 2009). Therefore, the field performance of cement grouted soil nails is still not well 
understood. This paper presents a typical field research program investigating axial strain and force distributions of 
cement grouted soil nails in several permanent highway cut slopes associated with slope depths, construction process, 
etc. The longitudinal strain and temperature changes of all these soil nails were measured with fiber Bragg grating 
(FBG) strain and temperature sensors, respectively. Typical measured results are summarized to investigate how 
axial forces of soil nails formed and developed after grouting. The possible ground movement inside slope and its 
effect on the axial strain results of soil nails are also interpreted and discussed.  
 
FIELD CONDITIONS 
 
Field monitoring projects were carried out on 7 permanent cut slopes along the highway from Panzhihua to Tianfang 
in Sichuan Province, China. These slopes were classified as four slope feature numbers, namely E1, E4, E5 and E6, 
which include 1, 2, 2, and 2 soil slopes, respectively. Slope heights of all these 7 slopes were 42.5 m (E1), 60 m and 
46 m (E4), 55 m and 45 m (E5), and 52 m and 50 m (E6). The corresponding slope lengths were 230 m, 55 m, 45 m, 
117 m, 73 m, 340 m and 215 m, respectively. Inclination angles of all these slopes were about 53° to horizontal after 
excavation work over the slope surface. The first group of monitoring data was collected on 21st May 2008 and the 
following strain and temperature data were collected almost monthly. Two sections in both slopes E1 and E4 and 
four slope sections in E5 and E6 were monitored. Diameters of all these steel bars were 32 mm except two steel bars 
in a slope section of E4. Field investigation works indicate that these slopes were mostly composed of typical 
completely decomposed granite (CDG) and highly decomposed granite (HDG). The 7 cut slopes were mainly 
stabilized using soil nails and anchors. Vertical and horizontal spacing between adjacent drill holes were 2 m. 
Inclination angle of the drill hole was 20° to horizontal. Soil nail lengths used for the reinforcement of these slopes 
were 15 m, 12 m, 9 m and 6 m, respectively. Figure 1 shows a schematic view of soil nail layout at a typical cross 
section of a slope. It is seen the slope is divided into two zone by the potential sliding surface, active zone and 
passive zone. The deep seated potential sliding surface was stabilized using relative long soil nails (generally 15 m), 
while short soil nails were used to stabilize the location where the potential sliding surface is shallow. FBG 
temperature and strain sensors were mostly adhered on the steel bar surfaces below the potential sliding surface 
monitoring axial strain distributions and corresponding temperature changes in the passive zone of the slope. Figures 
1 also show a typical steel bar adhered with FBG sensors in cross sectional directions. It is seen the FBG sensor 
location oriented at the horizontal direction of the bar surface in order to minimize the possibility of measuring the 
bending strain, as the measurement method used by Thompson and Miller 1990; Turner and Jensen, 2005. Spacing 
between adjacent FBG sensors varies at 1.5 m or 2 m. A bottom sensing cable is connected to the sensor close to the 
nail tip. In case the sensing cable of the nail head is damaged, the reserved bottom sensing cable can still transmit 
signals of FBG sensors to data logger. 
 
INSTALLATION OF FBG SENSORS 
 
Installation work of FBG strain and temperature sensors is a crucial issue for the measurement of accurate strain and 
temperature data in this project. Essential measures were adopted in field to ensure all FBG strain sensors follow the 
deformation of steel bars well. A complete protection of sensors requires careful installation work as the FBG 
sensors are normally fragile particularly under complicated field conditions. Figures 2a to e show all installation 
procedures of FBG sensors in this field test. The main installation works of FBG sensors consist of: 
(a) Preparation work of the steel bar surface (Figure 2a), such as the polish work of steel bar where the FBG sensors 

are mounted;  
(b) Cleaning work of the steel bar surface with alcohol for the locations where the FBG strain and temperature 

sensors are mounted;  
(c) Fixation of the two ends of a FBG strain sensor on the steel bar surface (Figure 2b) using instant glue; 
(d) Fixation of the FBG strain sensor of the steel bar surface with epoxy resin;  
(e) Adherence of FBG temperature sensor on nail bar surface using glue (Figure 2c);  
(f) Adherence of the sensing cable on steel bar surface (Figure 2d); and 
(g) Connection work of bottom sensing cable to the nail bar tip (Figures 2e).  
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Figure 1. Schematic views of the location of FBG strain sensor in cross sectional area of the steel rebar and soil nail 

layout at a typical slope section 
 

 

Fixition of FBG strain sensor 

Preparation of steel bars Installation of FBG temperature sensor 

(a) (b) 

(c) 

Installation of bottom sensing cable  Adherence of sensing cable on steel bar  

(d) (e) 

 
Figure 2. Installation of FBG sensors on the steel bar surface – (a) preparation of steel rebar; (b) fixation of strain 

sensor with epoxy resin; (c) installation of FBG temperature sensor; (d) adherence of sensing cable on the surface of 
steel rebar; and (e) installation of sensing cable at the bottom of the steel rebar. 

 
It is noted that for the above procedures (b), (c) and (d), the steel bar surface must be cleaned before the fixation 
work of FBG strain and temperature sensors on the bar surface. In addition, the whole sensor section must be 
completely covered with epoxy resin (Figure 2b). The epoxy resin and the strain sensor could form an integrated 
body with the steel bar, and can follow the steel bar deformation well after around 24 hours. To make sure FBG 
sensors and the corresponding sensing cables would not be damaged under the complicated field environment or the 
possible significant disturbance during the installation process, essential protective measures have to be adopted in 
field. The FBG sensing cable was protected with a thin and narrow plastic layer on the steel bar surface. As this 
plastic layer is very thin, its effect on the mechanical performance of the steel bar/soil nail can be ignored. After the 
installation work of all FBG sensors, the steel bar was placed into a drill hole for grouting. Field experiences proved 
that the above field protection measures could effectively protect FBG sensors and sensing cables, especially when 
significant disturbance occurred during the installation process of steel bars or construction process of slope surface 
structures.  
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MONITORING RESULTS 
 

Calculation of Axial Forces of Soil Nails  
 
Axial tension force of all these soil nails can be obtained based on the measured pure strain data. Knowing the tensile 
strain ε  of the steel bar, axial force can be calculated as below: 

 
 εss AEP =  (1) 
where Es and As denote the elastic modulus and cross section area of the steel bar, respectively. All axial force 
distribution of steel bars can be obtained using the above relationship. The yield force can be calculated by 
multiplying the yield stress with the cross sectional area of the steel bar. In case yield stress of steel bar is 200GPa. 
The yield force yP  of a steel bar is calculated as below:  

 16120032
4

2
s =××==

πs yy AP kN (2) 

where sA  and ys  denote the cross sectional area and yield stress of steel bar, and the corresponding units are 
mm2 and kPa, respectively.  
 
In this research project, all strain and temperature information was collected using optical fiber sensors. The strain 
and temperature changes lead to corresponding linear variations of central wavelength of FBG sensors, and this 
typical relationship is given as below: 

 TCC T
s

s ∆+∆=
∆ ε
λ
λ

ε  (3) 

where sλ  and sλ∆ are the central wavelength of a FBG strain sensor and its change resulted from external 

temperature and strain changes. εC  and TC  are both constant coefficients related to strain and temperature 
change, respectively. While the temperature sensor only reflects the external temperature change as follows: 

 TCT
T

T ∆=
∆
λ
λ

 (4) 

where Tλ  and Tλ∆ are the central wavelength and its change of a FBG temperature sensor. Combing Eqs.3 and 4 
yields the below relationship indicating the pure strain change with respect to the wavelengths of the FBG 
temperature and strain sensors: 
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Since wavelengths or the wavelength changes of FBG temperature/strain sensors are recorded by the interrogator, the 
pure strain results of a soil nail can be directly obtained. The method of temperature compensation is suitable for all 
soil nails monitored in this field research project. 
 
Analysis of Axial Force Results  
 
All measured strain results can be used to calculate axial tension force of the soil nail bar by using Eq.1. Figures 3a 
and b show variations of axial force with time of soil nails E1-A2 and E1-A4. The strain measurement initiated 
immediately after grouting to observe the axial force development of inner steel bar with time. The distance (as 
marked in Figures 3a and b) indicates the distance between the strain sensor and the soil nail head. It is seen, most 
axial forces increase quickly in the initial one month, indicating that the hardening process of cement grout resulted 
in substantial rise of axial forces of steel bars. For example, the maximum axial forces increase from 0 to 4, 7 kN for 
nail bas in E1-A2, and E1-A4, respectively. This axial force increment may be the result of ground movement, or 
disturbance of construction works, etc. During this period, the bonding stress started to form between inner steel bar 
and surrounding soil. One month after grouting, axial forces still increase as time elapses until the mid-August then 
become stable. All the strain results or the calculated axial forces reflect the external ground movement and the effect 
of constructing nail heads or grid beams on the steel bar axial forces after cement grout has already hardened. For 
example, the slight changes of axial forces in the last two months in the above two figures indicate the slope 
movement is unobvious and therefore has limited effect on the axial forces of inner steel bars. In other words, the 
creep movement is weaker and weaker and finally become stable.  
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Figure 3. Variations of axial force against time at different sensor locations (a) E1-A2 (b) E1-A3 and (c) E1-A4 

 
According to the above analysis, the post-grouting process of steel bars may be divided into three typical phases in 
this study, (a) the increase of axial tensile forces of steel bars under the hardening effect of cement grout, (b) the 
increase of axial forces of steel bars after the cement grout has already hardened, and (c) the phase with stable axial 
forces. The Phase (a) differs significantly from Phases (b) and (c) in the causes of stress re-distributions of steel bars. 
During the cement hardening process, i.e. Phase (a), bonding strength among steel bar, cement grout and external soil 
mass starts to build up which is therefore the dominant factor affecting the stress development of steel bars. One 
month after grouting, i.e. Phases (b) and (c), the cement grout has been fully hardened, allowing for external soil 
strain/stress transferred to the inner steel bar. Therefore, the occurred stress/strain of the inner steel bar is dependent 
on the practical ground movement.  
 
Similar to the previous sections, all calculated axial force results of different sensor locations against time 
relationships from May 2008 to October 2008 are presented in Figures 4 a to d. It is clear that most axial forces in 
this slope section increase quickly in the initial one month after grouting, and most of these axial increments are 
below 15 kN. The hardening effect of cement grout starts to establish bonding effect between inner steel bars and 
surrounding soil through hardening effect, so that the corresponding soil movement would generate certain tension 
effect on the whole soil nail and therefore the increase of tension force of the inner steel bar. This is consistent with 
the observations in Figures 3 a and b, that is, the soil nail is still within phase (a). As the cement grout becomes 
harder and harder, the effect of soil movement becomes the dominant factor affecting the axial forces, but the axial 
forces become very stable for all the four soil nails in slope section E5-A, therefore, the related ground movement 
one month after grouting work may be unobvious.  
 
Analysis and Discussions of the Maximum Strain Results of Soil Nails 
 
To evaluate the soil nail behaviour at different slope heights in this study, the maximum soil nail strain at different 
slope locations are summarized and compared at different data collection date. Figures 5a to d show axial force 
variations of soil nails against slope height in two sections E5 and E6. These data were collected almost monthly. It 
is seen most axial forces of soil nails show substantial rise in the initial one month after grouting (marked as “one 
month after grouting” in Figures 5a to d), but mostly develop in a relative low rate as time further increases (E5-B, 
E6-A, and E6-C). For example, the maximum soil nail strain values are about 90 mε for slope section E5-A and 110 
mε for slope section E5-B, both of which occur in the middle locations of this slope (within the height range of 25m 
to 35m). In addition, all measured strain change in the top and bottom parts of this slope appear not obvious and the 
maximum strain value is less than 40 mε. As time elapses, the cement grout would become harder and harder, the 
external soil movement and inner steel bar would interact more and more closely due to the occurred bonding effect. 
The measured strain change appears to be smaller and smaller, indicating that the tension effect of these soil nails 
would be less obvious, as well as the whole slope may become relative stable as time elapses.  
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Figure 4. Axial force variations against time of soil nails in slope section E5 - (a) E5-A1; (b) E5-A2; (c) E5-A3; and 

(c) E5-A4 
 
Relationships between the maximum strain values of soil nails against slope height of slope E6 are summarized in 
Figures 5 c and d. It is clear that the maximum strain increments of soil nails in the top location of slope section 
E6-A and in the middle location of slope section E6-C are more apparent than other slope locations. The measured 
maximum strain change in slope section E6-A is about 430 mε, which presented at a slope height of 30 m. While the 
correspond data measured in slope section E6-C is about 100 mε, occurred at the slope height of 30 m. These strain 
values increase to 500, 700, and 380, 400, 580 mε, respectively, in the following two to three months. The observed 
regular strain variation trends of soil nails indicate that the slope movement (due to the external disturbance or the 
construction works) in the top location for slope section E6-A and the middle locations for slope section E6-A is 
more obvious than other slope locations. The initial quick strain increase demonstrates obvious ground movement, or 
construction work generates certain tension effect on the soil nails, such as the weight of grid beams on slope 
surface. 
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Figure 5. The maximum strain variations of soil nails against slope height at different measurement time for slope 

section – (a) E5-A; (b) E5-B; (c) E6-A; and (d) E6-C 
 
The analysis of systematic strain changes of soil nails against soil nail depths is very critical particularly for the 
prediction of possible translational slide. In case the potential slide surface is straight and parallel to the slope surface, 
soil nails below the potential sliding surface would encounter a consistent tension effect, and this tension effect may 
occur at the same soil depth and finally generate a corresponding maximum axial tension forces at around the same 
soil depth. In this study, axial force variations against soil nail depths at two slope sections are summarized in Figure 
6. The soil nail depth in this figure denotes the depth of a optical fiber strain sensor. It is seen most axial force results 
of steel bars are below a certain level (80 kN), which is also substantially lower than the yield force of the steel bar 
(161 kN). At the vertical depths lower than 10m, the axial forces are all almost lower than 50 kN, but still increase as 
time elapses. The initial axial forces are lowest among all axial force results. The tension effect in the middle part 
(around 8.2 m) of the first 10 m to the soil nail head is the most significant. However, for the remained 8 m part of 
this soil nail, the axial force increases sharply at around 14 m to the nail head, indicating that the tension effect is 
significant and this tension effect relaxes gradually as the sensor locations become deeper and deeper. These parts 
where the soil nail depths are within 10-14 m are subjected to slightly tension effect. To summarize, two obvious 
tension zones may be observed from the above data analysis, that is, the zones around 8.2 m and 14 m underground, 
this indicates that the mechanical behavior of soil nails underground is complex at different locations.  
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Figure 6. Relationships between axial force variations and vertical depth of soil nail in slope section E1. 
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Figure 7. Variations of increasing rates of soil nails against time in different sections of slope E5 

 
To further investigate the strain variations in details after grouting work, typical increase rates of tension strain of 
different soil nails in slope section E5-A are summarized in Figure 7. This increase rate is calculated by dividing total 
strain increment with time interval. “E5-A1” as marked in this figure indicates the soil nail number, while the 
distance value in the figure shows the distance between the sensor location and the soil nail head. It is clear most 
increase rates of tension strain appear to low, at a rate of normally less than 4 mε daily. All increase rates of tension 
strain appear to increase in the first three data collection times after grouting work except two soil nails, E5-A3 11m, 
and E5-A4 8m. These increase rates become lower and lower as time further elapses, and finally stabilize at a level 
less than 2 mε each day. The initial relative high increase rate of tension strain may be due to the highly disturbance 
from construction works slope or the creep movement of slopes. As time passes by, the tension strain increments 
become lower and lower, and finally maintain at a relative stable level. That is, the creep movement of the whole 
slope or other factors generating tension effect of soil nails becomes weaker and weaker as time elapses.  
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Inner Temperature Changes of Soil Nails 
 
Temperature variations of steel bars have effects on the strain change (thermal effect) after grouting, so that the 
related temperature measurement using sensors is essential. In this project, typical relationships of temperature 
variations against time of soil nails in slope sections E6 are summarized in Figure 8. “Top and bottom” in this figure 
indicate the temperature sensor location is close to the soil nail head and tip, respectively. It is clear most temperature 
changes increase slightly from June to September in slope section E6-A, where the maximum temperature change is 
quite limited (less than 2 degree for section E6-A). The temperature sensor on soil nail E5-A4 shows the maximum 
temperature increase but is still less than 2 degree. While for the slope section E6-B, the maximum temperature 
change appear to be more obvious than that of slope section E6-A, with a maximum temperature change around 4 
degree being obtained on soil nail E6-B5. These measured temperature data drop substantially in October where the 
maximum temperature reduction is around 4 degree. This is possible due to that the winter comes closer and closer, 
so that the temperature becomes lower and lower. This temperature reduction would have substantial thermal effect 
on the measured strain data, so that the temperature compensation is very essential in this project. The limited 
temperature change may be because the temperature sensors are deep seated and therefore insensitive to the external 
temperature changes of field environment.  
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Figure 8. Measured temperature changes against time in slope sections - (a) E6-A; and (b) E6-B 

 
SUMMARY AND CONCLUSIONS 
 
A field monitoring research program is presented to study the behaviour of about 50 cement grouted soil nails in a 
number of high way cut slopes. In this study, fiber Bragg grating (FBG) sensors were adopted and used to measure 
strain and temperature changes of soil nails. All strain and temperature variations associated with time and the 
calculated axial forces are presented to analyze the mechanical behaviour of soil nails. All these data and related 
observations are summarized, compared and discussed in this paper and typical conclusions are summarized as 
follows:  
 
1. After cement grout has hardened, the transferred axial force from surrounding soil to the inner nail bar is time 

dependent. The continuous increase of the axial tensile force indicates that the soil nail is subjected to 
progressive “pullout” effect, which is virtually triggered by the ground movement of the slope. This also 
demonstrates that the soil nail behaviour is passive rather than positive.  

2. The post-grouting process of steel bars may be divided into three typical phases, (a) the increase of axial tensile 
forces of steel bars under the hardening effect of cement grout, (b) the increase of axial forces of steel bars after 
the cement grout has already hardened, and (c) the phase with stable axial forces. 

3. The measured maximum axial strain results of steel bars vary systematically and regularly with respect to slope 
height. Significant rise of axial tensile strain indicates apparent ground movement inside the slope. The increase 
of axial strain/force at slope toes is generally less distinct compared to the strain results in the middle and top 
locations of slopes according to the monitored results. 

4. Increase rate of tension strain appears to behave systematically and consistently in this study. The initial 
increase rate of tension strain is relative high, but as time elapses, the related increase rate of tension strain 
becomes lower and lower and finally maintain at a relative low level.  

5. Temperature changes of soil nails are within a limited range, this may be due to that most FBG temperature 
sensors are deep seated underground so that insensitive to the temperature change of external environment.  
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